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Molecular Structure of Human TFIIH
helicases XPB and XPD, in transcription but also in DNAPatrick Schultz,* Se´bastien Fribourg,
repair (Qiu et al., 1993; Guzder et al., 1994). Accordingly,Arnaud Poterszman, Ve´ronique Mallouh,
mutations in human XPB and XPD genes can give riseDino Moras, and Jean Marc Egly
to three genetic disorders xeroderma pigmentosum,Institut de Ge´ne´tique et de Biologie Mole´culaire
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phenotypes of which could be explained by specificCNRS/INSERM/ULP
deficiencies in both mechanisms (Vermeulen et al.,1, rue Laurent Fries, BP163
1994).F-67404 Illkirch Cedex
In transcription, the XPB ATP-dependent DNA heli-
France case plays a major role in promoter opening (Wang et
al., 1992; Schaeffer et al., 1993; Holstege et al., 1996;
Kim et al., 2000). Indeed, it was demonstrated that both
Summary TFIIH carrying a mutation in the ATP binding site of
XPB (Weeda et al., 1990; Tirode et al., 1999) as well as
TFIIH is a multiprotein complex required for both tran- immunopurified TFIIH from XPB patients (Coin et al.,
1999) do not allow a complete opening of the promoterscription and DNA repair. Single particles of human
region. In vitro studies showed that TFIIH containingTFIIH were revealed by electron microscopy and im-
XPB and XPD mutations affects the appearance of largeage processing at a resolution of 3.8 nm. TFIIH is 16 3
transcripts in an ATP-dependent way and that the TFIIH12.5 3 7.5 nm in size and is organized into a ring-like
helicases do not affect elongation (Goodrich and Tjian,structure from which a large protein domain protrudes
1994; Moreland et al., 1999). The cdk7 subunit was fur-out. A subcomplex assembled from five recombinant
ther shown to phosphorylate the C-terminal repeats ofcore subunits also forms a circular architecture that
the largest RNA polymerase II subunit (CTD) (Makela etcan be superimposed on the ring found in human
al., 1995), a modification that affects the elongation
TFIIH. Immunolabeling experiments localize several phase and the production of long run-off transcripts
subunits: p44, within the ring structure, forms the base rather than the initiation step (Akoulitchev et al., 1995).
of the protruding protein density which includes the In addition to its role in transcription, TFIIH is involved
cdk7 kinase, cyclin H, and MAT1. Within the ring struc- in nucleotide excision repair (NER). Besides its role in
ture, p44 was flanked on either side by the XPB and the recognition of the lesion together with the two NER
XPD helicases. These observations provide us with a repair factors XPA and XPC (de Laat et al., 1999), TFIIH
quartenary organizational model of TFIIH. participates in the unwinding reaction that involves both
helicases in order to allow DNA excision on both sides
of the lesion (Evans et al., 1997). Studies performed inIntroduction
yeast (Feaver et al., 2000) or in human (Busso et al.,
2000) implied Tfb3/MAT1, the third partner of the humanIn eukaryotes, transcription initiation of protein coding
CAK-complex, in the anchoring of the cyclin/kinasegenes requires a set of six basal transcription factors
complex to the core TFIIH through the XPD helicase andnamed TFII-A, -B, -D, -E, -F, and -H, in addition to RNA
demonstrate a role of this subunit in both transcriptionpolymerase II, which associate at gene promoters to
and DNA repair.assemble the preinitiation complex (PIC) (Orphanides et
To better understand the functional involvement ofal., 1996; Hampsey and Reinberg, 1999). PIC formation
TFIIH in transcription as well as in NER, a structuralis the first step in transcription initiation, which further
description of the factor is required. So far, the X-rayrequires promoter opening, synthesis of the first phos-
structure of the human cyclin H (Andersen et al., 1997)phodiester bond, and promoter clearance. Human TFIIH,
and the NMR structure of the cysteine-rich domain ofwhich is essential for the transcription reaction, is a
p44 (S. F., personal communication) have been deter-multisubunit complex composed of nine polypeptides
mined. In this report, we investigated the molecular ar-with a total molecular weight of 460 kDa. TFIIH is the only
chitecture of TFIIH by examining the endogenous human
general transcription factor with established enzymatic factor and a recombinant core-TFIIH by electron micros-
activities (Svejstrup et al., 1996a). It can be resolved into copy. Three-dimensional (3D) models of both complexes
two structural and functional complexes: the core TFIIH were determined by numerical image analysis of single
and the Cdk Activating Kinase (CAK) complex, XPD be- particles. The TFIIH structure contains a ring-like assem-
ing associated either with the core or with CAK (Feaver bly shared by the recombinant core TFIIH. The compari-
et al., 1994; Drapkin et al., 1996; Rossignol et al., 1997). son of these structures revealed the relative positions
Core TFIIH contains two ATP-dependent DNA helicases of the two essential molecular substructures: the core
with opposite polarity, XPB and XPD, in addition to p62, factor and the CAK. The cdk7, XPD, XPB, and p44 sub-
p52, p44, and p34 polypeptides (Humbert et al., 1994; units were localized within the structure of the endoge-
Seroz et al., 1995). The CAK subcomplex is composed nous TFIIH by immunolabeling experiments.
of the cdk7 kinase, the cyclin H, and MAT1, which stabi-
lizes the interaction between the two other subunits Results
(Devault et al., 1995). Genetic analysis of yeast mutants
highlighted the role of TFIIH, and in particular of its two Purification and Functional Characterization
of TFIIH and of a Recombinant rIIH5
In order to study the molecular architecture of TFIIH,* To whom correspondence should be addressed (e-mail: pat@
moorea.u-strasbg.fr). we purified the endogenous factor and a recombinant
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Figure 2. Electron Microscopy Observation and Image Analysis of
the Human TFIIH Complex
(A) Electron micrograph of TFIIH molecules adsorbed on a carbon
film and negatively stained with uranyl acetate showing the homoge-
neity in size and the dispersion of the complexes. (B) Gallery of the
most representative TFIIH views obtained upon averaging aligned
images clustered into homogeneous classes. The stain-excluding
protein densities are represented in white (upper panel) and are
outlined by contours of equal density (lower panel). The six views
correspond to different orientations of the molecule or to slight
variations in staining. Each class average is identified by a number
and the relative importance of the classes are indicated in percent-
Figure 1. Subunit Composition and Transcriptional Activity of TFIIH ages. The bar represents 100 nm in (A) and 20 nm in (B).
and rIIH5
(A) The purity and subunit composition of TFIIH and rIIH5 were
analyzed by SDS-PAGE and Coomassie blue staining. (*) stands for lane 3). These experiments demonstrate that the recom-
a contaminant previously identified as eIF2 (Marinoni et al., 1997). binant rIIH5 complex is able to interact with the CAK/
(B) In vitro transcription assay was performed with TFIIH and rIIH5
XPD complex and to form a functional assembly.as described (Gerard et al., 1991). Equal amounts of purified CAK/
XPD and rIIH5 were mixed for the assay.
Electron Microscopy of TFIIH
When processed for electron microscopy, the highly
purified and transcriptionally active human TFIIH ap-core TFIIH containing five subunits (rIIH5) (Gerard et al.,
1991; Tirode et al., 1999) (see Experimental Procedures). peared as a homogeneous dispersion of slightly elon-
gated particles similar in size (Figure 2A). In order toTFIIH from HeLa cells was obtained as described pre-
viously, except for the two last purification steps where improve the statistical significance of these molecular
views and to investigate the 3D organization of the parti-a Phenyl-5PW and an HAP were set up to obtain highly
purified and concentrated fractions (Figure 1A, lane 1). cle, 1953 pairs of 608-tilted and untilted molecular im-
ages were recorded and numerically analyzed. The im-The rIIH5 was purified from Sf9 cells coinfected with
baculoviruses expressing XPB, p62, p52, p44, and p34. ages of the untilted TFIIH complexes were iteratively
aligned and multivariate statistical methods were usedAn immunoprecipitation procedure using antibodies
raised against the p44 subunit, performed as described to generate classes of similar images, each class con-
taining images of particles viewed from the same direc-earlier (Coin et al., 1999), was followed by a gel filtration
step and resulted in a highly purified rIIH5 containing tion. A noise-free view of the particle was then obtained
upon calculating an average image of the class. Thethe five expected subunits (Figure 1A, lane 2). When
added to an in vitro transcription assay containing RNA data set was clustered into 6 classes (Figure 2B) and
class averages 2, 4, and 5, which correspond to aboutpolymerase II, all the basal transcription factors except
TFIIH and the adenovirus major late promoter as a tem- 66% of particles being found similar in size and shape,
suggesting that the complexes were similarly orientedplate, we observed the production of a 309 nt long run-
off transcript (Figure 1B, lane 1), thus demonstrating on the electron microscopy support. When viewed
through this direction, the TFIIH complexes were 17 3that the purified TFIIH is active. The purified rIIH5 which
lacks the four subunits of the CAK/XPD complex is al- 14 nm in size and showed a central depression where
stain could accumulate. Four to five protein densitiesmost inactive (data not shown). However, a weak but
significant transcriptional activity can be restored upon were organized around this central cavity. Class average
1 was more elongated, (20 3 8 nm) and similarly to classaddition of the purified CAK/XPD complex (Figure 1B,
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3 (16 3 12 nm) did not show the central cavity. These
views could correspond to different orientations of the
TFIIH complex. Finally class 6, which represents about
6% of the data set, was comparable to the most promi-
nent views 2, 4, and 5 but showed a pronounced opening
in the ring of protein densities around the central cavity
(arrowhead in Figure 2B).
For each class of particles, a 3D model was recon-
structed from the corresponding tilted images. The re-
constructions were refined for translational misalign-
ments and slight variations in projection direction before
being aligned one with respect to the others. Five out
of the six aligned molecular envelopes (calculated from
classes 1 to 5) were similar and an average 3D model,
representative of 94% of the data set, was computed.
The reconstruction arising from class 6 was significantly
different and was therefore not included in the average.
The reconstruction was further refined by aligning the
original tilted and untilted molecular views against pro-
jections produced from the average model and by using
sinogram correlation functions for the angular assign-
ment of the resulting class averages. Two additional
alignment/reconstruction cycles were performed after
which the resulting 3D model was stable and the orienta-
tion plot shows that all possible orientations of the com-
plex could be found in the complete data set (Figure
3A). The resolution test performed on two independent
data sets gave a value of 3.8 nm based on a 0.5 cut-off
for the Fourier shell correlation coefficient (Figure 3B).
The TFIIH complex appeared as a slightly elongated
and flat particle 16 3 12.5 3 7.5 nm in size (Figure 3C).
The most prominent feature of the particle is a ring-like
density organized around a 2.6 to 3.4 nm wide hole
whose size is suitable to accommodate a double-
Figure 3. Three-Dimensional Model of TFIIH Complexstranded DNA molecule. An almost spherical 5 nm wide
(A) Diagram showing the orientations of the 100 class averages usedbulge of protein density is protruding from the ring. The
in the final reconstruction. Each class-average is represented by adensity threshold corresponds to a volume of 446 kDa
point in a (u, `) coordinate system. (B) Diagram representing the(assuming a protein density of 1.4 g/cm3) consistent with
Fourier shell correlation function between two independent recon-the 460 kDa mass of the complex calculated from the
structions (continuous line) and the 3s threshold curve (dotted line).
animo acid sequences of its nine constitutive subunits. The vertical axis indicates the value of the Fourier shell correlation
coefficient versus the resolution in 1/nm represented on the hori-
zontal axis. (C) Surface representation of the 3D reconstruction ofElectron Microscopy Observation
the human TFIIH at a resolution of 3.8 nm. This model includes theof the rIIH5 Complex
untilted images grouped into classes 1 to 5 shown in Figure 2B andIn order to investigate the structural organization of
their corresponding 608-tilted views, which correspond to 94% of theTFIIH, the recombinant rIIH5 complex with a total mass
data set. The model is turned around a vertical axis by increments of
of 280 kDa was overexpressed and purified. Direct elec- 408. The bar represents 20 nm.
tron microscopy observation of the rIIH5 preparation
showed that the complexes can appear either as a com-
pact round structure about 12 nm in diameter or as thin
recombinant core TFIIH complexes with an N-terminalrod-shaped particles 19 nm long and 6 nm wide (Figure
histidine-tagged XPB subunit were expressed and puri-4A). Image analysis of 1562 particles illustrates this poly-
fied using a metal affinity column in addition to the stan-morphism and reveals a continuum of structures ranging
dard immunoprecipitation procedure against the p44from an almost straight filament (27% of the particles),
subunit. The histidine-tagged and the rH5 complexesslightly curved filaments (39% of the particles) toward
display a similar subunit stoichiometry, as judged bya compact structure which shows a central hole (34%
the intensity of the SDS-PAGE bands, and show theof the particles) (Figure 4B). It is unlikely that these differ-
same structural variability in electron microscopy. Alto-ences in shape are due to various orientations of the
gether these data indicate that the polymorphism ob-same object since the various views do not share com-
served by electron microscopy does not originate frommon line projections. Alternatively such a polymorphism
different subcomplexes but favor the hypothesis thatcould arise from a variable subunit composition. This
the various class averages represent a conformationalhypothesis is however unlikely for several reasons: (1)
sampling where the compact particles may unravel torIIH5 migrates as a sharp peak in a sizing column; (2)
form the rod-shaped particles as well as multiple inter-the relative intensity of the SDS-PAGE bands are similar
mediates. No data is presently available concerning afor rIIH5 and TFIIH (Figure 1A). (3) The densities of the
putative functional significance of these observations.different views obtained by electron microscopy and
In about 30% of the compact particles, a clear ring-image analysis, which reflect the mass of the complexes,
were found to differ at maximum by 15%. (4) Finally, like structure is visible in which five peaks of density
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the interaction site of the antibody with the TFIIH com-
plex, a total of 522 images of immune complexes (IC)
were extracted from 49 electron micrographs and were
further analyzed. The IC images were first aligned
against projections of the previously calculated 3D
model of TFIIH in order to determine the viewing direc-
tion of each molecule. Subsets of similarly oriented parti-
cles were further analyzed to detect the specific location
(e.g., most frequent occurrence) of an additional protein
density arising from the binding of the antibody. Using
this approach, two TFIIH views, specifically labeled with
Ab-cdk7 were identified (Figures 5A and 5B). Each la-
beled view (panel 3) was compared with the correspond-
ing view of the 3D model of TFIIH (panel 1) and a density
difference map (panel 4) was calculated between the
labeled and the nonlabeled (panel 2) views. The site
recognized by the antibody is located within the bulge
structure for both independent views (arrowheads in
panel 5). These immunolabeling experiments show that
Figure 4. Electron Microscopy Observation and Image Analysis of
the cdk7 subunit of TFIIH is located within the bulge ofrIIH5
protein density protruding from the ring-like structure
(A) Electron micrograph of rIIH5 molecules adsorbed on a carbon
and thus confirm that the bulge contains the CAK sub-film and negatively stained with uranyl acetate. (B) Gallery of the
units.most representative rIIH5 views. The stain-excluding protein densi-
TFIIH was incubated with Ab-XPD, a monoclonal anti-ties are represented in white. The six views correspond presumably
body raised against the C terminus of the 80 kDa heli-to different conformers of the complex since a continuum of struc-
tures is observed ranging from an almost linear structure (top left) case subunit of TFIIH (Coin et al., 1999). A total of 370
to compact ring-like structures (bottom right). (C) Surface represen- IC images were analyzed as described above and two
tation of a 3D model of rIIH5 calculated from the most homogeneous almost mirror symmetry related labeled views were iden-
ring-shaped class (bottom right in Figure 4B) by a conical tilt series. tified (Figures 5C and 5D). The antibody binding site was
The image population corresponds to about 10% of the data set of found located on the ring structure, in the vicinity of the
tilted and untilted molecular views. The model is turned around a
basis of the bulge region. These results show that thevertical axis by increments of 308. (D) Superimposition of the rIIH5
XPD helicase is part of the ring structure and is locatedmodel onto that of TFIIH. The bar represents 140 nm in (A), 20 nm
close to the CAK component of TFIIH.in (B), 13.5 nm in (C), and 3.4 nm in (D).
The position of the second ATP-dependent DNA heli-
case XPB was probed with a subunit-specific antibody
directed against the C terminus of the molecule (Schaef-
can be discerned (lower right panel in Figure 4B). Strik- fer et al., 1993). The analysis of 1066 IC images showed
ingly, the ring-like structure observed for rIIH5 molecules an unambiguous localization of the antibody binding site
is similar in size and shape to a part of the endogenous within the ring substructure in a region opposite to XPD
TFIIH. In order to assess this structural homology, coni- relative to the bulge (Figures 5E and 5F). The C terminus
cal tilt series were recorded to determine a 3D model of the two helicases are placed at almost 10 nm from
of the compact particles showing a ring-like structure. each other.
The 3D model occupies a volume of 266 nm3 which Finally the endogenous TFIIH preparation was incu-
corresponds to 80% of the expected mass of the rIIH5 bated with Ab-p44, a monoclonal antibody directed
complex (Figure 4C). The ring-like structure is formed by against the N-terminal end of the p44 subunit of the
the 12 nm wide circular arrangement of protein densities core TFIIH (Humbert et al., 1994). The analysis of 1073
around a 3.5 nm large hole. When superimposed to the IC images revealed a single labeled view suggesting that
model of the endogenous TFIIH, the bulge of the protein the antibody-TFIIH complex is preferentially oriented.
density is clearly missing from the rIIH5 particle (Figure Several positions of the protruding antibody were evi-
4D). However, due to the limited resolution of the rIIH5 denced around the bulge (Figures 5G and 5H), which
model, an accurate rotational docking cannot be per- probably reflect variations during the adsorption of the
formed and it cannot be excluded that additional density complex on the electron microscopy support. These
is present in the TFIIH ring substructure. results indicate that the p44 subunit, which is part of
the core complex and thus of the ring structure, is in
close proximity to the bulge region between the XPDImmunolocalization of TFIIH Subunits
and XPB helicases.The comparison of the above described structures sug-
gested that the protruding mass observed in the endo-
Discussiongeneous TFIIH complex could contain the subunits of
the CAK/XPD complex (Figure 4D). To investigate this
hypothesis, Ab-cdk7, a monoclonal antibody raised The 3D model of the human transcription/repair factor
TFIIH determined from negatively stained, isolated parti-against the C-terminal part of the cdk7 kinase subunit
of the CAK complex (Ossipow et al., 1995; Rossignol cles describes the outer shell of the molecule at 3.8 nm
resolution. The structure reveals that the factor is aboutet al., 1997), was used for immunolabeling. When the
endogenous TFIIH complex was incubated with a 5-fold 16 3 12.5 3 7.5 nm in size and is organized in a ring-
like assembly from which a protein domain is protrudingmolar excess of Ab-cdk7, labeled TFIIH molecules were
clearly observed by electron microscopy. To determine out. The comparison of the endogenous TFIIH with a
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components of the Cdk Activating Kinase complex,
known to form a stable ternary complex, constitute the
bulge of protein density appended to the ring-like
structure.
This structural organization is consistent with bio-
chemical data showing that yeast or human TFIIH can
be separated into two distinct entities. Human TFIIH
could be divided into two complexes characterized ei-
ther starting from HeLa whole cell extracts or after high
salt treatment of purified TFIIH (Reardon et al., 1996;
Rossignol et al., 1997, 1999): the core TFIIH, which con-
tains five subunits XPB, p62, p52, p44, and p34, and
the CAK component, which includes cdk7, cyclin H, and
MAT1. The XPD subunit was shown to be associated
either with the core-TFIIH or with CAK. In yeast the core-
TFIIH contains the human counterparts Tfb1 (p62), Tfb2
(p52), and Ssl1 (p44), but also Rad3 (XPD) and Tfb3
(MAT1), which are found, respectively, loosely associ-
ated and absent in the human core factor. In contrast
to the human factor, the yeast Ssl2 (XPB) helicase was
shown to be readily dissociated from the other core
subunits (Feaver et al., 1993). In yeast, the kinase com-
plex called TFIIK thus contains only Kin28 (cdk7) and
Ccl1 (cyclin H) (Svejstrup et al., 1996b; Faye et al., 1997).
These discrepancies in subunit composition between
the yeast and human TFIIH subcomplexes probably re-
flect subtle differences in the stability of subunit interac-
tions.
The quaternary organization of the TFIIH subunits can
be partially inferred from our immunolabeling experi-
ments combined with subunit–subunit interaction stud-
ies. The XPD helicase was found to interact with MAT1
(Busso et al., 2000), which is found associated with the
cdk7/cyclin H complex. The XPD subunit is therefore
likely to constitute the interface between the CAK and
the core TFIIH complex and thus may be located at the
basis of the bulge of protein density. This conclusion is
supported by mutations found at the C-terminal end of
XPD that prevent the anchoring of the CAK/XPD com-
plex on the core TFIIH (Coin et al., 1998). Our immuno-
labeling experiments show that the XPD helicase is
placed on the ring-like assembly at close proximity to,
but clearly distinct from, the bulge structure (Figure 6).
The analysis of the rIIH5 complex shows that the fiveFigure 5. Immunolabeling of TFIIH by Subunit-Specific Monoclonal
core subunits are sufficient to form a ring-like assemblyAntibodies
similar in size to that of endogenous TFIIH and thusIn each row, panel 1 represents the closest reprojection of the 3D
suggests that the XPD helicase is added on top of amodel of TFIIH, panel 2 shows the class average of unlabeled mole-
preexisting ring. However, at the current resolution itcules whereas panel 3 represents the class average of labeled mole-
cules. Panel 4 represents the difference map between the labeled cannot be excluded that XPD is inserted into the ring
and the unlabeled class averages. The antibody binding site is high- and that a different ring structure is formed by alternate
lighted by an arrowhead in panel 5 on the surface representation contacts when the XPD subunit is missing. The location
of the 3D model of TFIIH. (A and B) Analysis of two independent of this helicase close to the CAK-containing bulge is
TFIIH views labeled by Ab-cdk7. (C and D) Analysis of two indepen- consistent with the proposal that XPD, possibly with
dent TFIIH views labeled by Ab-XPD, which recognizes the C-termi- the assistance of MAT1, could bridge or stabilize the
nal part of the protein. (E and F) Analysis of two independent TFIIH
interaction of the CAK-complex with the core TFIIH.labeled by Ab-XPB, which recognizes the C-terminal part of the
The p44 subunit, as a part of the recombinant core-subunit. (G and H) Analysis of the binding of Ab-p44 to TFIIH. A
TFIIH, is included in the ring substructure. Our immuno-single TFIIH view was obtained and two slightly different antibody
labeling experiments showed that the p44-specific anti-binding sites are shown in the upper and lower rows.
body binding site is almost superimposed to the bulge
region and close to the Ab-XPD epitope placed at the
recombinant complex which contains the five subunits C terminus of the helicase. This proximity is supported
of the core TFIIH shows that both structures share a by the reported interaction between p44 and the XPD
ring-like structure with a 2.5–3.5 nm wide central hole helicase (Coin et al., 1998) and by the observation that
but differ mainly by the absence of the bulge of protein mutations in the N-terminal moiety of p44 prevent the
density in the recombinant complex. The cdk7 kinase anchoring of the CAK/XPD complex on the core TFIIH
was shown to be located in this protruding protein den- (Seroz et al., 2000). The XPD–p44 interaction is function-
ally important since most xeroderma pigmentosumsity by immunolabeling, thus suggesting that the three
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p62 subunits may be located at the basis of the ring,
opposite to the bulge to account for the additional den-
sity present in that region. In this regard the yeast Tfb2
(p52) was shown to interact with Ssl2 (XBP), which is
consistent with our model (Feaver et al., 2000). The
higher resolution model derived from the 2D electron
crystallographic analysis of the yeast core TFIIH (Chang
and Kornberg, 2000 [this issue of Cell]) is not directly
comparable to our model but can be reconciled with
our data assuming rigid body movements of the protein
domains and taking into account the fact that the XPB
helicase, possibly in addition to p34, could help to close
the circle. Strikingly conformational changes were de-
tected upon analysis of the recombinant human core
TFIIH. Higher resolution models of human core and holo
TFIIH preserved in physiological conditions are now re-
quired to refine the position of the protein densities in
order to characterize accurately these putative confor-
mational variations.
The most prominent structural feature shared by TFIIH
and rIIH5 is a ring-like structure with a 2.5–3.0 nm wide
central hole. A strikingly similar quaternary organization
Figure 6. Model of the Quaternary Organization of TFIIH was observed in a number of nucleic acid binding pro-
The positions of subunits cdk7, XPD, XPB, and p44, as inferred from tein complexes such as the processivity factor PCNA
the immunolabeling experiments shown in Figure 5, are indicated required for DNA replication (Krishna et al., 1994), differ-
by arrows on the three-dimensional model of human TFIIH. Note ent types of multimeric helicases (Parsons et al., 1995;
that the anti-XPB and -XPD antibodies are directed against the San Martin et al., 1997), and proteins involved in DNA
extreme C terminus of the proteins. The cyclin H, MAT1, and p34
repair and DNA recombination such as the E. coli RecAsubunits are tentatively positioned on the model according to well
protein (Di Capua et al., 1982) or its yeast homologestablished subunit–subunit interaction studies. Additional data is
RAD51 (Ogawa et al., 1993). While these assembliesrequired to position subunits p62 and p52.
display internal symmetry and are composed of identical
subunits, core-TFIIH is composed of distinct subunits.
Despite these differences, it is noteworthy that TFIIHgroup D (XP-D) and trichothiodystrophy (TTD) patients
shares substantial functional properties both with multi-carry mutations in the carboxy-terminal domain of the
meric helicases and with repair/recombination com-XPD helicase which prevent the interaction with p44 and
plexes so that the ring-like assembly is likely to be in-result in a decreased XPD helicase activity and in a
volved in an essential functional step common to alldefect in nucleotide excision repair.
these processes such as the binding of the DNA mole-The second DNA-dependent helicase XPB is also lo-
cule. It is generally accepted that DNA is bound withincated within the ring structure close to the p44 subunit.
the central hole in the case of hexameric helicases, butThis localization agrees with coinfection experiments
wrapping of the nucleic acid molecule around the exter-showing that a stable ternary complex can be formed
nal part of the particle was also observed for the bbetween p44, XPB, and XPD (J. M. E., unpublished data).
protein from bacteriophage l (Passy et al., 1999). HowInterestingly, XPB is located on the side opposite to that
DNA is recognized by TFIIH in the context of transcrip-occupied by XPD, which is in apparent contradiction
tion initiation or DNA/repair remains an open questionwith the genetic and biochemical observations that both
that requires further experimental data.helicases interact with each other (Bardwell et al., 1994;
Iyer et al., 1996; Feaver et al., 2000). However, both XPB-
and XPD-specific antibodies were directed against the Experimental Procedures
carboxyl terminus of the protein; it is therefore conceiv-
HeLa TFIIH and rIIH5 Purificationable that the N-terminal parts of these large multidomain
HeLa TFIIH was purified as previously described except for modifi-proteins extend toward the bottom of the ring where an
cations in the last two purification steps (Gerard et al., 1991). Theinteraction may take place. In keeping with this hypothe-
Heparin 5PW fraction eluted at 0.4 M KCl was dialyzed against 50
sis, the interaction sites between the two helicases were mM Tris-HCl (pH 7.9), 50 mM KCl, 0.5 mM DTT, 0.1 mM EDTA, 8.7%
mapped in the N terminus of both proteins (Iyer et al., glycerol and loaded on a Phenyl 5PW column (0.75 3 7.5 cm, flow
1996). rate 0.6 ml/min). After a 0.9 M ammonium sulfate wash, TFIIH was
Despite the wealth of interactions among core TFIIH eluted with a 15 ml linear gradient from 0.9–0.0 M ammonium sulfate.
The peak containing the TFIIH activity was further loaded on a HAPsubunits that have been described (Bardwell et al., 1994;
column (0.75 3 7.5 cm, flow rate 0.3 ml/min) equilibrated in 10 mMMatsui et al., 1995; Iyer et al., 1996; Feaver et al., 2000),
potassium phosphate (pH 6.0), 0.01 mM CaCl2, 0.5 mM DTT, 8.7%it is difficult to infer the precise localization of the p34,
glycerol and eluted with a linear 0.20–0.60M PO4 buffer gradient.p52, and p62 polypeptides since they are not all consis-
Aliquots of fractions were stored at 2808C.tent with a simple model where each subunit should
The rIIH5 complex was expressed in Sf9 insect cells infected with
have two and only two partners. An interaction between recombinant baculoviruses as described (Tirode et al., 1999). The
p44 and p34, an other core-TFIIH subunit, was reported complex was immunopurified with a monoclonal antibody raised
suggesting that p34 is placed on the ring next to p44 against the amino terminus of the p44 subunit and cross-linked onto
and probably on the opposite side of the bulge than protein A-Sepharose beads. After extensive washing with IP buffer
(50 mM Tris-HCl [pH 7.9], 400 mM KCl, 10% [v/v] glycerol, 0.5 mMXPD, close to XPB (Feaver et al., 2000). The p52 and
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DTT), rIIH5 was eluted with the peptide corresponding to the anti- Immunoelectron Microscopy
Monoclonal antibodies directed against cdk7 (residues 313–330),body-specific epitope dissolved in IP buffer at a concentration of 1
mM. The complex was then gel-filtrated in 50 mM Tris-HCl, 20% XPD (residues 720–751), XPB (residues 719–760), and p44 (residues
1–17) were produced by injecting the corresponding peptide. Ab-glycerol, 250 mM ammonium acetate to remove the excess of eluting
epitope. RIIH5 eluted from the gel filtration column as a discrete cdk7 was purified on a DE52 ion exchange column (Whatman) after
ammonium sulfate precipitation (50% saturation) and dialyzedentity and no evidence for additional subcomplexes was found. The
relative polypeptide content of rIIH5 was similar to that found in the against 10 mM Tris (pH 7.4), 50 mM NaCl. The Ab-XPD, Ab-XPB,
and Ab-p44 ascites were incubated with protein-A Sepharoseendogenous complex. In particular no excess of p44, which was
the immunotargeted protein, could be detected. Composition and beads. After extensive washing in 3 M NaCl, 50 mM sodium borate
(pH 8.0), the proteins were eluted with 50 mM sodium citrate (pHpurity of rIIH5 were assessed by SDS-PAGE analysis followed by
silver staining, Coomassie blue staining or immunoblots. Transcrip- 5.2) and dialyzed against 10 mM Tris (pH 7.4), 50 mM NaCl. A similar
degree of purity was achieved by both methods as evidenced bytion assays were performed on TFIIH and rIIH5 with the addition or
not of CAK-XPD complex as previously described (Gerard et al., SDS-PAGE and electron microscopy observation.
For immunoelectron microscopy a 3- to 5- fold molar excess of1991).
antibodies was incubated 1 hr at 208C with purified TFIIH at a final
protein concentration of 20 mg/ml. The relative amounts of TFIIH
Electron Microscopy and Image Processing and of antibodies were adjusted by electron microscopy inspection
TFIIH and rIIH5 were diluted to a concentration of 20 mg/ml in buffer of the incubation mixture. The putatively labeled TFIIH molecules
A (20 mM Tris-HCl [pH 7.4], 150 mM NaCl and 20% glycerol). Ten were identified by a stain excluding domain protruding out of the
microliters of this preparation was placed on a 10 nm thick carbon TFIIH molecule and whose size and shape were consistent with
film previously treated by a glow discharge in air. After 2 min of those of an IgG molecule. Images of such complexes were extracted
adsorption, the grid was negatively stained with a 2% (w/v) uranyl from digitized electron micrographs showing fields of isolated mole-
acetate solution. The images were formed on a Philips CM120 Trans- cules and were aligned against references obtained upon reproject-
mission Electron Microscope operating at 100 kV with a LaB6 fila- ing the 3D model of the endogenous TFIIH along 51 equally spaced
ment. Areas covered with individual molecules were recorded under directions. The aligned images were partitioned into classes corre-
low dose condition (less than 20 electrons/A˚2) at a nominal magnifi- sponding to distinct views of the particles. An additional classifica-
cation of 45,0003. tion/alignment round was performed using the class averages as
The original micrographs were checked by optical diffraction for new alignment references. Subsets of the data set corresponding
absence of astigmatism and optimal contrast transfer function. The to the most abundant molecular views were further analyzed to
best micrographs were digitized at 18 mm raster size resulting in a determine the binding specificity and the precise binding site of the
pixel spacing of 0.4 nm on the object. The image processing was antibody. The binding of an antibody molecule gives rise to a stain
performed using the IMAGIC software package (van Heel et al., exclusion domain at the periphery of the TFIIH molecule. In order to
1996). In the case of TFIIH, a total of 1953 pairs of 608-tilted and characterize the stain variations around the particles a ring-shaped
untilted molecular images, 128 3 128 pixels in size, were extracted mask, surrounding the outer shape of the particle, was generated
from the original micrographs by interactive selection based on and the density variations were analyzed within this mask using a
size and nonconnectivity criteria. The images of the untilted TFIIH multivariate statistical approach. These images were then parti-
complexes were iteratively aligned and analyzed by multivariate tioned according to this peripheral density variation. A prominent
statistical methods (van Heel and Frank, 1981). Factorial correspon- class appeared where no additional protein density could be de-
dence analysis was used to represent the images in a 20 dimensional tected in the class average. These particles were probably not la-
factor space and hierarchic ascendant classification schemes were beled or alternatively labeled at nonspecific sites so that the occur-
used to cluster the images into classes of images with maximal rence of an antibody molecule was not high enough to produce a
resemblance. For each class that corresponds to a subset of parti- stain exclusion signal. In the other class averages an additional
cles ideally viewed through a restricted angular sector, an average protein density, whose size could correspond to an Fab moiety, was
image was calculated. The data set was clustered into 20 classes apparent. A density difference map was calculated between the
that could be visually grouped into six families containing more than unlabeled and the labeled class averages. Internal consistency of
80% of the data set on the basis of the structural similarity of their the results was obtained by comparing the labeled site for two
class average. different orientations of the TFIIH molecule.
For each family the corresponding tilted images, which constitute The protein density maps of TFIIH and rIIH5 were converted into
a conical tilt series, were combined to calculate a 3D model by CCP4 format (CCP4, 1994) and visualized using “O” (Jones et al.,
weighted back projection (Radermacher et al., 1986). The resulting 1991). The docking of the two density maps was performed inter-
model was reprojected along the input directions in order to correct actively and represented using the visualization tool “DINO” (http://
each original image for in plane transitional misalignments and slight www.bioz.unibas.ch/zxray/dino).
variations in euler angle assignment. Refined models were then
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